ABSTRACT
INTRODUCTION
Intensive development of computational fluid dynamics (CFD) methods allows nowadays to model the operation of a ship propeller in homogeneous velocity field in order to determine its hydrodynamic characteristics (similar to so-called propeller open water tests performed experimentally). The hydrodynamic open-water characteristics of a ship propeller have the form of dimensionless thrust coefficient K T and torque coefficient K Q as functions of the advance coefficient J for constant pitch ratio P/D. Determining ship propulsion characteristics, i.e. diagrams of propeller thrust, torque, and power as ship speed functions for constant propeller revolutions is essential for determining the propeller operation point. Selecting an optimal advance speed for the given power passed to the propeller at its nominal revolutions results in more efficient fuel consumption. The hydrodynamic characteristics, applicable in propeller designing, are obtained from model tests which precisely maintain geometric similarity of the model and real propeller, as well as the similarity of water flow in the vicinity of the model and real propeller (referred to as kinematic similarity). These tests can have the form of open water propeller model tests or self-propelled ship model tests.
The use of advanced numerical methods, verified on the results of model tests, is a significant step towards full modelling of phenomena which accompany ship propeller operation in real conditions. It is noteworthy, however, that attempts to improve the level of accuracy of the performed numerical simulations, for instance by modelling real and not simplified geometry of the propeller, or taking into account real cavitation phenomena, should always be followed by experimental verification of the obtained results.
The experimental results which are most frequently used to validate numerical methods are usually obtained from in-house tests, or those performed by other research centres and made available for international comparison tests. Based on the results of the in-house tests, a methodology of numerical analyses has been developed in the Ship Design and Research Centre (CTO SA) which allows to assess and predict cavitation on a ship propeller [12] . The developed methodology was verified on the results of cavitation which was experimentally measured on the propeller CP4691 in the CTO SA cavitation tunnel. The results of verification were presented at the international conference on advanced measurement techniques in Istanbul, Turkey [7] . The results of cavitation observation were complemented by analyses of hydroacoustic effects accompanying the modelled phenomenon. Finally, the results of numerical analyses and experimental measurements were compared. The result of the performed comparison was satisfying.
International comparison tests make it possible to compare results of in-house examination with those obtained in other research centres using different simulation codes and methodologies. This way was used to verify a valuable numerical method for ship propulsion analyses which was developed in CTO [3, 5] . The company Bota Technik sees considerable benefits coming from the use of this method, which manifest themselves, among other aspects, in increased efficiency and reliability of the ship propulsion design process. This method can be widely implemented and practically used by Bota Technik in realisation of design tasks, as well as in research and development activities.
The propeller used as the object of numerical and model examination has been designed to meet the needs of an international comparison test (benchmark test) and does not exist in real scale. The hydrodynamic characteristics of the sample propeller were generated as a result of standard tests performed in the model basin to validate numerical methods. The here examined propeller was designed in such a way as to allow the open water propeller to be tested within a wide velocity range of parameters of the approaching flow, including developed cavitation conditions. The experimental measurements were performed in the model basin and in the cavitation tunnel owned by the SVA Centre, Potsdam, Germany [2, 15] .
In that experiment the propeller was tested in conditions corresponding to the tow test, with shaft immersion equal to 1.5 of propeller diameter D. In the resent research, to obtain open water propeller characteristics the simulation calculations were performed for the following values of the advance coefficient J: 0.6, 0.8, 1.0, 1.2 and 1.4. The range of analysis usually includes the design operation point, i.e. the parameter for which the propeller has been designed. In the paper, the results of experimental and numerical examination of the propeller are shown in the form of dimensionless thrust and torque coefficients as functions of rotational speed n and diameter D of the propeller, and water density ρ (1-4) [6] :
The propeller thrust coefficient:
The propeller torque coefficient:
Speed (advance) coefficient:
Propeller efficiency: (4) where:
DESCRIPTION OF THE EXAMINED OBJECT
The object of the analysis was a five-blade propeller identified as VP1304 (or PPTC), with the designed pitch coefficient P 0.7 /D = 1.635. This is a right-handed adjustable pitch propeller with the diameter D = 0.25m in the model scale. The adjustment system affects the structure of propeller blades near the hub (a gap of 0.3 mm in width between the hub and the blade root), as well as the leading and trailing edges [1, 11] . The propeller geometry is schematically shown in Fig. 2 . Geometric data of the propeller for real conditions were obtained by proper scaling. Moreover, the forecast of propeller operation in real conditions, used for comparison with the results of numerical calculations, was obtained as extrapolation of the model data. Such forecasting is a standard procedure, which bases on available results of model tests. The propeller diameter in the real scale, calculated using the scale coefficient, was equal to 3m. Water parameters (density, viscosity) corresponded to real values, characteristic for given basin conditions. Basic geometric data of the propeller are collated in Table 1 . 
BOUNDARY CONDITIONS AND CALCULATION METHOD
The calculations which made the basis for hydrodynamic characteristics of the examined propeller in model and real scale were performed using the code STAR CCM+. The flow past the propeller was modelled using the unsteady flow model based on the Reynolds-Averaged Navier-Stokes (RANS) equations and the two-equation "SST k-omega" turbulence model. Flow modelling with the aid of RANS equations enables to obtain reliable results, at the same time preserving acceptable calculation times, due to the use of a simpler equation to close the basic system of Navier-Stokes equations. The applied turbulence model, recommended for the here examined type of flow, links together main advantages of basic k-ε and k-ω models, and introduces a term which limits overproduction of kinetic energy of turbulence in the areas with high pressure gradients. The k-ε model well models the turbulence in the free flow area and reveals low susceptibility of quantities describing the turbulence to inlet conditions. In turn, the k-ω model much better models the flow in the boundary layer, but is very susceptible to free-stream turbulence values. The applied combined model, transformed from the k-ε form to the equations for k and ω, was complemented by introducing a SST (Shear Stress Transport) term which limits principal stresses in the flow [13] .
The flow past the propeller VP1304 was modelled in a cylindrical domain having the following dimensions, expressed as multiples of propeller diameter D: 5D forward, 10D rearward, and 10D in diameter, see Fig.1 . A homogeneous flow field was assumed at inlet. Table 2 collates basic data adopted as conditions for calculations in the both scales. The model scale reflects conditions of model propeller operation in the model basin, while the full scale corresponds to standard sea conditions. In both cases the calculation time step was assumed in such a way that it corresponded to the same fraction of full propeller revolution in both scales. The computational domain was discretised using the finite volume method (FVM), which consists in dividing the computational domain into a finite number of small elements bearing the name of control volumes and integrating the conservation equations over these elements. The method adapts to each type of grid and therefore is well applicable to the complex geometry of the examined propeller. The shape of the control volume can be arbitrary, which is a reason why this method is so popular and frequently used to solve fluid mechanics equations [8] .
The calculations were performed on an unstructured polyhedral grid with the boundary layer surrounding the entire propeller (Fig. 2) . Cell dimensions were adapted locally, based on the resultant values of Y+, a parameter defining the way in which the equations are solved within the boundary layer [14] . As a result of domain discretisation, the grid consisting of over 5.5 million of finite volumes was obtained. Proper grid refinement on the propeller surface was needed to model properly the complicated geometry of propeller blades with sharp leading and trailing edges. Additional grid refinement in other space sections provided opportunities for better flow modelling near the propeller [4] .
The calculation grid for the real scale cannot be generated via direct multiplication of node coordinates from the model scale by the scale coefficient. In general, surface elements on the outer walls of the propeller and volumetric elements of the major part of the computational domain can be scaled in this way, but direct scaling of dimensions of the cells composing the boundary layer is incorrect. The relative thickness of the boundary layer decreases with the increasing Reynolds number, i.e. is smaller for the real scale. Moreover, the boundary layer is related with the turbulence scales, which also change in proportion to the changing dimensions of the object. Proper modelling of flow phenomena requires adapting grid elements in the boundary layer to the nature of the flow, which in practice means decreasing the relative thickness of elements in the direction normal to the object's walls. The phenomena taking place in the boundary layer heavily affect the hydrodynamic drag of objects moving in the fluid, therefore their proper modelling is of primary importance for the performed analyses.
The propeller revolution was modelled using the model with steady reference frame (SRF), which simulated real propeller revolution in the domain, taking into account the grid motion. The water flow was in the direction of the X-axis.
RESULTS AD DISCUSSION
The results of the numerical analyses, performed within a wide range of parameters, are collated in Tables 3-11 , while the open water propeller characteristics are shown in diagrams in Fig. 3-5 . Thrusts and torques were calculated only for propeller blades, and read after the forces have reached a proper convergence level. In each case (calculation point) the computing time was not the same. Tables 3-5 collate numerical results (labelled as CFD) obtained from propeller calculations performed in the model scale. These results are compared with widely available experimental results (labelled as EFD) of examination of the same sample propeller. When the propeller load decreases (with the resultant increase of the advance coefficient J), the difference between calculations and experiment increases, both for the thrust coefficient K T and the torque coefficient 10KQ. As a consequence, the difference between the values of propeller efficiency ηO calculated and measured for the same load also increases. In Fig. 3 we can clearly see underestimation of operating parameters of the propeller for lower loads, for which the obtained coefficient values are becoming smaller. This is reflected in efficiency changes, as it depends on the both coefficients. The obtained values can also be affected by the quality do the modelled geometry. The numerical analyses were performed using the available geometry with sharp trailing edges, which in fact, for technological reasons, have limited radiuses in the real propeller version used in model tests. For lower propeller loads, mainly corresponding to the advance coefficient values J>0.8, the difference between the calculated and measured values of the thrust coefficient K T increases. Moreover, the calculated values move from the area of slight overestimation to the area of underestimated values. Nevertheless, the shape of the curve is very close to that expected within the analysed operation range. The curve of the torque coefficient 10K Q is more inclined, as compared to the reference curve. The advance coefficient J=1.05 is the point of intersection of the both curves. From this point on, the numerical values are underestimated for lower propeller loads (J > 1.05) and overestimated for higher loads (J < 1.05). The values of propeller efficiency η O are underestimated within the entire operating range, and the difference between the results of measurement and calculations increase with the decreasing load. In Fig. 4 the abovementioned relations between the numerical and experimental results are clearly visible. Tables 9-11 collate differences between numerical and experimental results for the model and real scale. In experimental conditions, the difference is kept at a constant level for both the trust coefficient K T and the torque coefficient 10K Q , which results from the fact that the results for the real scale were obtained from extrapolation of the model results. However, the propeller efficiency difference ∆ηO increases with the decreasing propeller load. As for the numerical results, the differences between them are not kept precisely at the same level, but take similar values for both the thrust coefficient KT and the torque coefficient 10K Q . The propeller efficiency difference ∆η O increases with the decreasing propeller load. It can be seen in Fig. 5 that despite similar trends in coefficient differences in both cases, the efficiency difference for the numerical case significantly increases with the increasing advance coefficient. This tendency is likely to be related with the scaling effect, as the extrapolation of model basin results (K T and 10K Q ) is clearly kept at a constant level, while the efficiency η O calculated from these quantities reveals a similar trend to that of the numerically obtained difference curve. 
CONCLUSIONS
The results of numerical simulations of open water propeller operation, performed within the framework of international comparison workshops, enabled to verify the applied methods by comparing with the experimentally measured results. Public availability of the data on propeller geometry and its experimental examination provides opportunities for wide validation of numerical methods and comparing the quality of in-house achievements with the results obtained in other research centres. The results of numerical simulations performed in CTO SA reveal similar trends in the shapes of hydrodynamic characteristics of the examined propeller within the entire range of the advance coefficient. The differences between CFD and EFD results are small for higher values of the advance coefficient J. The highest discrepancy is observed in propeller efficiency results obtained for highest advance coefficient in the real scale. Although the general trend of the analysed differences is similar, the exact values differ much between each other. It is noteworthy, however, that the values for the real scale were obtained from extrapolation of the results of model tests and not from measurements, which raises the question whether the observed differences reflect real nature of the simulated phenomena or are a consequence of the adopted extrapolation method.
The methodology of numerical simulations which was applied in CTO SA allows to obtain results, the quality of which is similar to those presented by other major research centres [9, 10, 11] . The developed method is similar to those quoted in the references and models the nature of the examined phenomena with the accuracy which is sufficiently high to recommend it for practical use.
Due to high convergence of the performed analyses, and the resultant high credibility of the obtained results, the use of the presented method by the design office of Bota Technik will considerably enhance their capacity in selection and design of ship propellers. The company Bota Technik will be able to offer the ship owner a properly selected propeller with its full characteristics. This ability will make a clear added value for the ship owner, and will allow the company to strengthen its competitiveness on the demanding market of ship propellers.
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